Methyl methanethiosulphonate was used to produce a modification of the essential thiol group in lactate dehydrogenase which leaves the enzyme catalytically active. Methyl methanethiosulphonate produced a progressive inhibition of enzyme activity, with 2mM-pyruvate and 0.14mM-NADH as substrates, which ceased once the enzyme had lost 70-90% of its activity. In contrast, with 10mM-lactate and 0.4mM-NAD+ as substrates the enzyme was virtually completely inhibited. The 
the X-ray-crystallographic structure has indicated that cysteine-165 is within the general area of the active-site cleft, but apparently not involved in the catalytic process (Adams et al., 1970; Holbrook et al., 1975) . On the other hand, modification by a number of reagents leads to a complete loss of enzyme activity (Neilands, 1954; Velick, 1958) . Kenyon and his colleagues Nishimura et al., 1975) have developed the use of methyl methanethiosulphonate as a reagent which by formation of an enzyme-S-S-CH3 derivative produces a minimal modification of enzyme thiol groups. This may allow residual activity, which is eliminated by the presence of charged or more bulky modifying reagents. Further, the use of 13C-labelled reagents or of similar reagents containing fluorine might allow these compounds to be used as n.m.r. (nuclear-magnetic-resonance) probes of the active site.
The present work demonstrates that methyl methanethiosulphonate is a reversible alkylating inhibitor which is active-site-directed. The major change observed in the catalytic properties of the enzyme is a large decrease in the affinity of the enzyme for pyruvate.
Materials and Methods
Methyl methanethiosulphonate was synthesized by H202 oxidation of dimethyl disulphide . For use in alkylation reactions the compound was prepared as a 0.1 M solution in 50mM-potassium phosphate, pH7.
Pig heart lactate dehydrogenase [Boehringer Corp. (London) Ltd., London W.5, U.K.] was used throughout this work. In the direction of pyruvate reduction the enzyme was assayed as a routine in 50mM-potassium phosphate, pH7, containing 2mM-pyruvateandO.14mM-NADHtodeterminemaximum activity. In the reverse direction the buffer was 100mM-potassium phosphate, pH9.4, containing 10mM-lactate and 0.4mM-NAD+. Where appropriate, kinetic constants are presented ±S.E.M. and were determined by the method of Cleland (1967) . For methanethiolation experiments, lactate dehydrogenase (1mg of protein/ml) in 50mM-potassium phosphate, pH7.4, was treated with the selected concentration of methyl methanethiosulphonate at 180C. At appropriate times, 20u1-samples were removed, diluted 50-fold with the buffer to stop the alkylation reaction and a sample was removed to assay its catalytic capacity.
Protection experiments were performed with either oxamate or oxalate acting as inert analogues of pyruvate or lactate respectively (Novoa et al., 1959; . The inert analogues were chosen rather than substrates to ensure that there could be no change in composition of the protecting ligands during the course of the protection experiment.
All chemicals used in this work were obtained from either British Drug Houses, Poole, Dorset, U.K., or Koch-Light Laboratories, Colnbrook, Bucks., U.K.
Results

Inactivation oflactate dehydrogenase
When lactate dehydrogenase was incubated with 10mM-methyl methanethiosulphonate at pH7.4, there was a time-dependent decrease in catalytic activity. This loss of activity was observed with either NADH and pyruvate or NAD+ and lactate as substrates (Fig. 1) . With the chosen concentration of lactate (10mM) and NAD+ (0.4mM) the inhibition was virtually complete (98-99 %/), whereas with pyruvate (2mM) and NADH (0.14mM) the maximum inhibition observed in a number of experiments was 70-90%. Further inhibition was difficult to obtain. This effect might represent an equilibrium process dependent on the concentration of inhibitor. Fig. 2 shows that this was not the case, since varying the concentration of methyl methanethiosulphonate resulted in alteration of the rate of alkylation; however, it did not substantially alter the final residual enzyme activity. The residual enzyme activity was maintained even when the alkylation period was extended up to 24h duration. A further explanation of the cessation of inactivation is that the inhibitor might decay during the alkylation reaction. This was eliminated by adding further methyl methanethiosulphonate once the initial alkylation phase was complete. This did not result in an increase in inactivation.
The retention of residual enzyme activity after modification by methyl methanethiosulphonate could also be explained by the following scheme:
The key feature of this mechanism is the formation of a reversible covalent complex leading to an equilibrium mixture between EI* (covalent complex) and EI (active on dilution). For this model, if the inhibitor is removed there should be recovery of enzymic activity. This was tested by inhibiting lactate dehydrogenase with 10mm-methyl methanethiosulphonate until 85 % of its activity in the direction (Fig. 3) , indicating saturation kinetics (Kitz & Wilson, 1962 assay concentration 10mM). This might contribute to the differential modification observed when either lactate and NAD+ or pyruvate and NADH were used as substrates (Fig. 1 ). Therefore we decided to look for changes in the binding properties of the methanethiolated enzyme -for pyruvate.
Lactate dehydrogenase was methanethiolated with 10mm-methyl methanethiosulphonate and then assayed at a fixed concentration of NADH in the presence of different concentrations of pyruvate (Fig. 4) . Methanethiolation resulted in an increase in Kr" (app.) from 40uM for the control enzyme to 12mM for the methanethiolated enzyme. The V... for the methanethiolated enzyme at saturating pyruvate concentration was virtually unaffected. This means that under the conditions used in Fig. 4 any change in catalytic activity is the result of an increase in KZvt. For unmodified lactate dehydrogase, high pyruvate concentrations result in, an inhibition of enzyme activity, presumably owing to formation of the abortive enzyme-NAD-pyruvate complex (Everse et al., 1971; Arnold & Kaplan, 1974 However, it must be borne in mind that complexities in reaction mechanism may be introduced at this pH (Boland & Gutfreund, 1975) . Doublereciprocal plots of initial velocity versus NADH concentration at various pyruvate concentrations intersected and kinetic constants were estimated from both slope and intercept plots (Cleland, 1967 (Fig. 4) . This result can be attributed to a conformational change produced by the high dilution of the enzyme required to produce reasonable rates at NADH concentrations around KNADH. This Was shown by incubating lactate dehydrogenase (1 mg/ml) with 10mM-methyl methanethiosulphonate until the maximum inhibition was obtained. The enzyme was then diluted to a variety of protein concentrations. On further incubation (Fig. 5) , the specific activity of the diluted methanethiolated enzyme declined progressively with time and the decrease in specific activity was proportional to the dilution of the enzyme. Methanethiolated lactate dehydrogenase incubated at a protein concentration of 1mg/ml did not show a fall in specific activity. Active-site character ofmodification reaction So far it has been assumed that the methanethiolation reaction with methyl methanethiolsulphonate is active-site-directed. However, there is no reason to suppose that methyl methanethiosulphonate has any special structural characteristics which enable it selectively to modify solely the activesite thiol group. Therefore the loss ofcatalytic activity could merely reflect the multiple modification of the enzyme. To investigate this possibility, the action of ligands that bind specifically at the active site on the inhibition by methyl methanethiosulphonate was examined. Fig. 6 (Novoa et al., 1959; . For the ternary complexes enzyme-NADH-oxamate or enzyme-NAD+-oxalate, there was complete protection against alkylation by methyl methanethiosulphonate. Overall these results show that the loss of activity on alkylation by methyl methanethiosulphonate is the result of an active-site modification. Further, the fact that protection is maximal in the ternary complex is consistent with the idea that the locus of modification is in the active site.
If methyl methanethiosulphonate modifies lactate dehydrogenase so that the active-site thiol group is modified, then the addition ofa second reagent which also alkylates this thiol group should not result in any furtherchange inenzymeactivity. Thisexperiment was performed by using N-ethylmaleimide as the second reagent for thiol modification (Holbrook, 1966) . Whereas N-ethylmaleimide resulted in the complete inactivation of the control enzyme, the methanethiolated enzyme showed only a 15% decrease in enzyme activity. This result is consistent withmethylmethanethiosulphonatecausingthemodification of all the active sites of the lactate dehydrogenase.
A further feature which is consistent with the modification of the active-site region of the protein comes from study of the pH-dependence of the alkylation reaction (Fig. 7) Boland & Gutfreund (1975) ]; epoxybutyric acid, pKa6.8 (Bloxham et al., 1975) ; diethyl pyrocarbonate modification of pKa6.8 (Holbrook & Ingram, 1973 Initially it was extremely difficult to re-activate modified lactate dehydrogenase. The direct addition of a tenfold (0.1 M) excess of reducing agent to the inhibited enzyme was -virtually ineffective. Further, dialysis followed by short-term exposure to thiols was only marginally eflictive. Evetually we decided that our failure to tichieve re-tivation was the result of our expectation that the formatibn of the disulphide bonid between methyl methanethiosulphonate and lactate dehydrogenase would-be reversed as easily as in those cases where an aromatic residue is, involved in the disulphide link (see, e.g., Bloxham et al., 1973) . We therfore decided on ay more drastic procedure which would markedly improve the chances ofthe reduction procedure. In this technique, immediately the m4adification reaction was complete, themture was diluted fiftyfold ito a re-activation buffer containing high concentrations of reducing agents [up to 700-fold (0.14M) excess over the methyl methanethiosuphonate] and the -mactivation followed over 6h. Table 1 -*shows that4 under these conditions it was possible to obtain substantial re-activation of the enzyme. The most effective reducing reagent was dithiothreitol, followed by mercaptoethanol. Tributylphosphine was tested, sinob it is reported to reduce disulphide bonds in non-polar environments (Nishimura et al., 1975) . With methanethiolated lactate dehydrogenase it was only ginally effective, and indicated that the difficulties obtained in re-activating the enzyme were not due to the location of the disulphide bond in a non-polar environment, but rather they were due to inaccessibility to the reducing agent. Finally mercaptoacetic acid was tried in the hope that the possession of a carboxyl group might enable it to enter the active site more readily. This does not seem to be the case, since mercaptoacetic acid was inferior Having established that a large excess of reducing agent is required efficiently to regenerate active lactate dehydrogenase from the methanethiolated enzyme, the time-course for the re-activation process was Time (min) Fig. 8 . Time-dependence of the re-activation of methanethiolated lactate dehydrogenase by dithiothreitol Methanethiolated lactate dehydrogenase (20ug/ml; 85% inhibited) was reduced with dithiothreitol in 50mM-potassium phosphate buffer, pH7.4. The recovery of activity is presented in the form of a pseudo-first-order-plot where dA., is the increase in activity to give completely re-activated enzyme and dAt is the recovery of activity at the time of sampling. The concentrations of dithiothreitol were: 0, 100mM; 0, 20mM; A, 10mM. In the absence of dithiothreitol there was no recovery of activity. In a separate experiment (-) with 100mM-dithiothreitol, the recovery of enzyme activity was assayed in the direction of lactate oxidation. measued (Fig. 8) . With 2mM-pyruvate and 0.14mmm-NADH as substrates, the time-course for re-activation was apparently biphasic, consisting of an initial slow phase, followed by a second more rapid phase (Fig. 8a,b,c) . In contrast, when lactate and NADH were used as substrates, then the re-activation process appeared to be first-order (Fig. 8d) . The only difference between these systems is that with pyruvate and NADH as substrates the enzyme has residual activity (approx. 20%), whereas with lactate and NAD+ the enzyme was completely inactive. This raised the possibility that the rate profile for re-activation was a function of the starting activity of the methanethiolated enzyme. This proposal was confirmed by carrying out the assays in a re-activation experiment with much lower pyruvate concentrations (200pM). At this concentration of pyruvate the methanethiolated enzyme was virtually completely inactive in comparison with the control enzyme, and the re-activation procedure now showed pseudo-first-order kinetics. This result indicates that the thiol groups modified by methyl methanethiosulphonate are equivalent, at least with regard to their reaction with a reducing agent.
Formation of binary and ternary complexes with methanethiolated lactate dehydrogenase: demonstration ofprotection against re-activation The retention of catalytic activity in methanethiolated lactate dehydrogenase demonstrates that the enzyme must form complexes with its substrates. The formation ofcomplexes can also be demonstrated by an approach which is a variation of the substratedependent protection against inactivation by activesite-directed inhibitors. The rationale behind this Time (min) Fig. 9 . Protection against re-activation ofmethanethiolated lactate dehydrogenase by active-site-directed ligands
The experiment measures the time-dependent recovery of lactate dehydrogenase activity. Methanethiolated enzyme (20,ug/ml) In this event the active-site loop will close (Smiley et al., 1971) , rendering the active site inaccessible to the external reducing agent, and this will protect against re-activation. This concept was evaluated by testing the effect of NADH, oxamate, NADH plus oxamate, oxalate, NAD+ and NAD+ plus oxalate on the re-activation of methanethiolated lactate dehydrogenase. The experiments with NADH and oxamate provided an excellent verification that the methanethiolated enzyme forms active-site-directed complexes with its substrates or substrate analogues. Thus oxamate provided marginal protection against re-activation, NADH was fairly efficient and NADH plus oxamate provided complete protection (Fig. 9a) . This protection pattern is consistent with the compulsory binding order for lactate dehydrogenase (NADH first, followed by oxamate), and is obviously identical with the protection pattern for inhibition with methyl methanesulphonate (Fig. 6a) . Fig. 9 (b) also indicates that NAD+ and oxalate must still form complexes with the active site, since they do offer substantial protection against re-activation. Whereas NAD+ and oxalate separately offered only marginal protection against re-activation, NAD+ plus oxalate was much more effective. This difference in nature of protection by the two substrate pairs may be related to the fact that NAD+ binds only poorly to lactate dehydrogenase, in contrast with NADH (Holbrook & Stinson, 1973) , and oxalate enhances the binding of NAD+ to the enzyme (Kolb & Weber, 1975) .
Discussion
The principal aim of this work was to develop the use of a reagent that could modify lactate dehydrogenase such that a substantial proportion of the enzyme's normal catalytic function was retained. Subsequently the modifying reagent might then be used as a probe for conformational changes occurring at the active site during catalysis.
The development by Kenyon and his colleagues Nishimura et al., 1975) (Adams et al., 1970) and is modified by a number of reagents which cause loss ofenzyme activity (Fondy etal., 1965; Holbrook &Pfleiderer, 1965; Holbrook, 1966) . We presume that modification by methyl methanethiosulphonate is active-site-directed, since modification is prevented by substrates and inhibitors which bind at the active site.
The retention of catalytic activity in methanethiolated lactate dehydrogenase shows that the modified cysteine residue does not participate in an essential covalent step in the catalytic mechanism. It may be contrasted with histidine-195, which participates in proton transfer and whose modification renders the enzyme completely inactive (Holbrook & Ingram, 1973) . On this basis it seems most probable that the modified cysteine residue participates in a binding process in the catalytic mechanism involving pyruvate rather than NADH. This concept is in accord with the observations of Holbrook & Stinson (1970) (Holbrook & Gutfreund, 1973; Whitaker et al., 1974; Bloxham et al., 1975) . Alternatively methanethiolation of cysteine-165 could simply decrease the ability of the pyruvate to bind at the active site, because of steric hindrance.
In conclusion, we have shown that treatment with methyl methanethiosulphonate leads to reversible modification of lactate dehydrogenase, to produce an enzyme with considerable residual catalytic capacity.
